Summary: Cerebral hypoxia-ischemia was produced in 7-day postnatal rats by unilateral carotid artery ligation combined with systemic hypoxia (8% O2), Levels of high energy phosphates, which were only slightly altered in the contralateral hemisphere, were nearly depleted in the ipsilateral hemisphere Perinatal hypoxic-ischemic insults to the brain currently account for the majority of neurologically damaged infants and children. An experimental model in the rat has been developed recently to in vestigate the effects of hypoxia-ischemia on imma ture brain (Rice et al., 1981) . The model produced a spectrum of neuropathology, ranging from isolated loss of neurons to overt infarction in the cerebral cortex, hippocampus, striatum, and thalamus. Fre quently, alternating columns of damaged and pre- 
contralateral hemisphere, were nearly depleted in the ipsilateral hemisphere during the 3-h hypoxic insult. With hypoxia of between 1 and 3 hours' duration, columnar alterations of cortical NADH fluorescence occurred in the same location and regional pattern as did histologic damage demonstrated previously (Rice et aI., \981) . In regions exhibiting columns ofNADH fluorescence, there was no evidence of a columnar reduction of high energy phosphates as levels of ATP and phosphocreatine were nearly zero.
Recovery from 3 h of hypoxia was accompanied by partial and regionally Perinatal hypoxic-ischemic insults to the brain currently account for the majority of neurologically damaged infants and children. An experimental model in the rat has been developed recently to in vestigate the effects of hypoxia-ischemia on imma ture brain (Rice et al., 1981) . The model produced a spectrum of neuropathology, ranging from isolated loss of neurons to overt infarction in the cerebral cortex, hippocampus, striatum, and thalamus. Fre quently, alternating columns of damaged and pre-served tissue occurred in the neocortex. In order to determine the metabolic precursors of this neu ropathology, the present study describes regional levels of high energy and glycolytic intermediates during hypoxia-ischemia in immature brain. In ad dition, regional NADH fluorescence was used to detect columnar metabolic alterations.
MATERIALS AND METHODS
Newborn Sprague-Dawley rats remained with their dams until 7 days of postnatal age. Each rat pup was anesthetized with halothane 0.0-1.5%), and the right common carotid artery was perma nently ligated with 4-0 surgical silk through a neck incision. The wound was sutured, and the animal was returned to its dam for 4-8 h. The pup then was exposed to a humidified mixture of 8% O2-92% N2, flowing at 5 -6 Llmin through a 500-ml jar at 37°C (Vannucci and Duffy, 1976) . At intervals from 20 min to 3 h of hypoxia, animals were immersed in liquid N2 to arrest brain metabolism. Following 3 h of hypoxia, a separate series of animals was re turned to their dams for a recovery period of 1, 4, or 12 h in room air.
Additional, non-ligated animals were subjected to hypoxia, removed from the jars, and immediately decapitated. Blood samples (approximately 50 M-l) were collected in heparinized capillary tubes from the blood that welled from the severed vessels. The samples either were diluted 1: lO in ice-cold per chloric acid for glucose and lactate analysis or were injected into a micro-oxygen and acid-base ap paratus (Radiometer) for determinations of Po2, Pco2, and pH. Other hypoxic animals were re moved from the jars and a 27-gauge hubless needle was inserted into the left ventricle of the heart. The needle was connected via silastic tubing to a Statham transducer to record left ventricular blood pressure and heart rate.
Brain samples were dissected after removing the cerebral hemispheres from the cranial cavity. A wedge of tissue (approximately 100 mg) from the distribution of the middle cerebral artery of each hemisphere was powdered under liquid N2 and weighed on a micro-balance. The powder then was extracted using perchloric acid as previously de scribed (Vannucci and Duffy, 1974) , and the ex tracts assayed for metabolites using fluorometric methods (Lowry and Passonneau, 1972) . In sepa rate animals, regional NADH fluorescence was measured in frozen brain. At liquid N2 tempera tures, the head of the animal was sectioned in the coronal plane with a fine-toothed saw. The location of the section varied in different animals from midhippocampus to the middle of the striatum. The tis sue surface was polished and the brain section mounted in a liquid N2 bath so that the coronal sur face protruded several millimeters above the liquid. The brain was illuminated with ultraviolet light (366 nm), and the fluorescent image (450 nm) was re corded photographically as described previously (Welsh and Rieder, 1978) . The photographed brains were micro-sampled for metabolite assay at -30°C using a squared-off, 16-gauge syringe needle. The samples were weighed at -30°C (0.4-4.0 mg) and crushed with a stirring rod in 50 M-I of 0.05 N LiOH in methanol. The sample suspensions were kept at -30°C for 15 min prior to the addition of 100 M-I of 0.05 N LiOH at O°C. The mixture was heated for 5 min at 95°C to inactivate tissue enzymes and was assayed for ATP and phosphocreatine. Additional micro-samples were dissected from the neocortex of selected (posthypoxic) animals, extracted with 0. 1 N HCI in methanol, and assayed for glucose.
Enzymes were purchased from Boehringer Mann heim Biochemicals (Indianapolis); other biochem icals were obtained from Sigma Chemical Company (St. Louis). Tests for statistical significance in cluded both paired and unpaired Student t tests.
RESULTS
In addition to lowering arterial Po2, hypoxia caused a decrease in Pcoz and an increase in blood lactate concentration, without significantly altering arterial pH (Table 1) . Mean blood pressure and heart rate were only slightly diminished during hypoxia, but the decrease in pressure was statisti cally significant at 2 h. Blood glucose was tran siently elevated at 20 min of hypoxia, but gradually declined to low concentrations at 3 h.
Brain metabolite levels, which were the same in Mean blood pressure (torr) 30 ± 2 27 ± 3 25 ± 3 23 ± 2" 30 ± 2 Heart rate (min-I) 313 ± 23 292 ± 37 276 ± 17 270 ± 16 287 ± 22
98 ± 14 45 ± 5" 58 ± 10" 57 ± 4" 47 ± 4°
Pcoz (torr) 44 ± 4 23 ± 3" 27 ± 3" 23 ± 2° 26 ± 3° pH 7.44 ± 0.02 7.43 ± 0.04 7.45 ± 0.02 7.39 ± 0.02 7.37 ± 0.02 Glucose (mmoI/L) 6.64 ± 0.04 7.45 ±0.\9" 5. 77 ± 0.77 2.49 ± 0.53" 1.00 ± 0.\6" Lactate (mmoVL) 0.89 ± 0.05 7.lH ± l.35" 13.9 ± 0.7" 13.8 ± 0.6" 14.\ ± 0.6" a Different from normoxia, p "" 0.05.
Values are means ± standard errors for 5-6 animals (non-ligated). Values are means ± standard errors for 5-6 animals (ligated).
both hemispheres of ligated, normoxic animals, were markedly altered during hypoxia (Tables 2 and  3 ). Phosphocreatine and ATP fell progressively to values less than 10% of control in the ipsilateral hemisphere, but remained between 65 and 75% and 83 and 93% of control, respectively, on the opposite side. AMP levels increased sharply in the ipsilateral hemisphere, with the total pool of adenylates di minishing to 42% of control by 3 h. Despite the increase of blood glucose at 20 min, cerebral levels of glucose and glucose-6-phosphate were markedly reduced, particularly in the ipsilateral hemisphere (Table 3) . Throughout the hypoxic insult, concentra tions of glycolytic intermediates, except lactate, were lower in the ipsilateral hemisphere compared to the contralateral hemisphere. The accumulation of brain lactate, which closely paralleled the in crease in blood lactate, was slightly greater in the ipsilateral hemisphere, while the ratio of lactate to pyruvate was three times that in the contralateral hemisphere.
Regional alterations of NADH fluorescence ap peared in the ipsilateral neocortex after 1 h of hypoxia (Fig. 1) . In 8 of 12 animals hypoxic for 1-3 h, a columnar pattern of NADH fluorescence oc curred in the cortical distribution of the middle ce rebral artery. In some animals, cortical columns of increased fluorescence were evident (Fig. 1, top) , but in others there appeared to be a columnar de pression of NADH fluorescence (Fig. 1, bottom) . 12.64 ± 1.14" 11.61 ± 0.78" 11.55 ± 0.78" Lactate/pyruvate 9.6 ± 0.6 47.7 ± 2,7" 71.8 ± 6.5" 102.7 ± 6.9" 125,5 ± 9.5"
Values are means ± standard errors for 5-6 animals (ligated), G6P, glucose-6-phosphate; FDP, fructose-I ,6-diphosphate.
" Different from normoxia, p � 0.05.
Although it was not possible to sample the cortical columns individually, levels of ATP were nearly depleted in those regions that exhibited a columnar fluorescence (Fig. 2) . In animals with incomplete reduction of high energy phosphates (at 20 and 60 min of hypoxia), columnar variations of NADH were not evident. During recovery in room air following 3 hof hypoxia, levels of glucose in the ipsilateral neocor- tex returned to higher than normal values, but levels of high energy phosphates were only partially re stored (Fig. 3) . During the first hour of recovery, ATP and phosphocreatine were resynthesized to 30-40% of control and 30-60% of control, respec tively. Between 4 and 12 h of recovery, there was an increasing dispersion of high energy phosphate levels. At 12 h, ATP and phosphocreatine recov ered to 70-80% of control in a few regions, while other areas were devoid of high energy phosphates.
This dispersion occurred even within the ipsilateral neocortex of individual animals (Fig. 4) . Thus, con centrations of ATP and phosphocreatine in adjacent samples frequently varied by a factor of 2 or more.
The regional depletion of high energy phosphates during posthypoxic recovery was associated with a focal depression of NADH fluorescence (Fig. 5) . Despite marked hemispheric differences in most of the metabolites measured, lactate accumulated to the same extent in both cerebral hemispheres. In part, the restricted availability of glucose may have limited the production of lactate in the ipsilateral hemisphere. However, the similarity between the increases of lactate in blood and brain (Tables 1 and  3 ) and the blood-brain permeability of lactate in immature animals (Cremer et aI., 1979) , suggest that brain lactate concentrations in the present model were governed more by plasma levels than by intra cerebral generation. Consequently, the comparable accumulation of lactate in both hemispheres, only one of which exhibited histologic damage, indicates that lactic acidosis did not play a significant role in the neuropathology of the current model. Indeed, histologic alterations occurred without brain lactate exceeding 20 mmoVkg, a level considered to be threshold for the production of irreversible damage (Myers, 1979; Rehncrona et aI., 1981) . cence was demonstrated during incomplete isch emia in cat brain (Welsh et aI., 1978) . Unlike the current findings, however, concentrations of A TP and phosphocreatine were only partially depleted, suggesting that the degree of ischemia varied in a columnar fashion. Thus, levels of high energy phos phates were more depressed in regions with in creased NADH fluorescence. In the present study, by contrast, there was no evidence for significant preservation of high energy phosphates in regions with diminished fluorescence. Thus, A TP and phosphocreatine were reduced to extremely low levels throughout the ipsilateral hemisphere, de spite the regional heterogeneity of NADH fluores cence. The decrease of ATP in nonfluorescent cor tical columns suggests that, in these columns, ATP synthesis may have been substrate-limited rather than oxygen-limited. When oxidative phosphoryla tion is limited by substrate availability, then the components of the electron transport chain, in cluding the NAD couple, remain oxidized (Chance and Williams, 1955) . Alternatively, structural dam age to mitochondrial and cytoplasmic proteins that bind NADH might also cause a decrease in NADH fluorescence intensity. Whatever the explanation, the columnar pattern of fluorescence was, in itself, a reversible alteration, since there was no evidence of columnar NADH during posthypoxic recovery. During the first hour of recovery, ATP levels were restored to 30-40% of control levels in the ipsilateral neocortex. This degree of ATP restora tion is consistent with the diminished size of the adenylate pool (Table 2) , which is not rapidly re plenished (Ljunggren et aI. , 1974b) , and thus will limit the initial recovery of A TP levels. However, at 4 and 12 h of recovery, continued restitution of high energy phosphates occurred in some regions, while others experienced an apparent secondary decline. Regions with reduced concentrations of A TP and phosphocreatine were marked by diminished NADH fluorescence. Thus, it is not likely that the reduction of high energy phosphates was caused by tissue hypoxia. Further, the depression of NADH fluorescence did not result from inadequate availability of glucose, since tissue levels of glucose were higher than control. A similar diminution of NADH fluorescence in regions depleted of high energy phosphates has been demonstrated in post ischemic cat brain (Welsh et aI., 1982) . In that study, decreased NADH fluorescence was as sociated with a 43% decrement in the total pool of NAD (NADH + NAD+), as well as in tissue K+ content. These alterations may signify degradative processes that are generalized or that specifically interfere with generation of NADH. Insufficient formation of NADH would limit regeneration of high energy phosphates as well as decrease NADH fluorescence.
The columnar pattern of cortical damage, appar ent at 16-h posthypoxic survival (Rice et aI., 1981) , is not seen in the adult rat, in which a similar hypoxic-ischemic stress leads to damage within specific cortical laminae, often with some boundary zone accentuation (Salford et aI., 1973) . This im portant difference between the patterns of cortical damage in the immature and adult rat contrasts with the situation in the hippocampus. In the 7-day-old animal, this region of primitive 3-layer cortex (ar-chicortex) displays the essential adult anatomical features. Further, hypoxic-ischemic damage occurs in those portions of the pyramidal cell band that are vulnerable in the adult. It is likely, therefore, that the columnar pattern seen in the cerebral cortex of perinatal animals is related to the known structural immaturity of the cortex. Thus, there is a high den sity of neuronal packing with dendrites not yet fully formed (Eayrs and Goodhead, 1959; Brizzee et al., 1964) , and a capillary bed that has not attained its adult density (Craigie, 1925; Bar and Wolff, 1976) . It is possible that, in the immature cortex, metabolic differences between laminae and even individual neurons are minor or absent. If so, then the dis tribution of hypoxic-ischemic damage is likely to be determined to a great extent by the pattern of corti cal vascular architecture. The observed variations in both width and depth of the columns may reflect corresponding variations in the caliber and length of the penetrating arteries. However, apart from the columnar alterations of NADH fluorescence, the metabolic consequences that may determine the pattern of damage have yet to be identified.
